Objective: To investigate the hypothesis that plasma leptin may predict adiposity changes. Design: A population-based cohort study. Setting: Fleurbaix and Laventie, in the north of France. Subjects: In all, 1175 subjects participated, of whom 946 completed measurements at baseline (1999) and follow-up (2001). After excluding 64 subjects obese at baseline, 882 subjects (478 adults, 404 children 8 years and over) were included in the analysis. Interventions: We measured plasma leptin concentrations at baseline and various adiposity parameters at baseline and followup. Partial correlation coefficients (r p ) between baseline plasma leptin and each adiposity indicator at follow-up were calculated with adjustment for baseline age, pubertal stage, adiposity and familial correlations between siblings. Results: Changes in body mass index and percentage body fat were not related to baseline plasma leptin. High baseline plasma leptin predicted an increase (r p (P-value)) in the sum of the four skinfolds (0.18 (o0.0001)), the waist circumference (0.16 (0.0003)) and the waist-to-hip ratio (0.29 (o0.0001)) in adults only, and in the hip circumference in adults (0.20 (o0.0001)) and children (0.22 (o0.0001)). After adjustment for a set of four adiposity variables at baseline (percentage body fat, skinfolds, waist and hip circumferences), baseline plasma leptin predicted only changes in the sum of the four skinfolds in adults (0.15 (0.001)), with similar tendency although not significant in children (0.08 (0.13)). Conclusions: A high leptin relative to baseline fat mass predicts fat mass gain over time, mainly in the subcutaneous location.
Introduction
Leptin, the 16 kDa protein encoded by the ob gene, is recognized as an important factor in energy balance regulation. Leptin is mainly produced by white adipocytes, with higher secretion in subcutaneous than in omental adipose tissue in humans (van Harmelen et al., 2002) . A strong positive correlation between plasma leptin concentrations and total body fat content is well documented in adults Zimmet et al., 1996) and in children. (Blum et al., 1997; Arslanian et al., 1998) . Experimental studies in rodents and data in leptin-deficient humans with mutations of the ob gene (Montague et al., 1997; Farooqi et al., 1999) support the concept of leptin as an anti-obesity hormone acting through a feedback loop between adipose tissue and the hypothalamus, resulting in decreased food intake. In children (Arslanian et al., 1998; Romon et al., 2004) and adults (Perusse et al., 1997; Gomez-Merino et al., 2002) , there is also some evidence that circulating leptin levels are associated with energy expenditure related to physical activity, especially in female subjects. Food intake stimulates leptin secretion (Dallongeville et al., 1998) , perhaps through a direct action of insulin on the adipocyte (Saad et al., 1998) .
An excess or default of circulating leptin for a given level of adiposity may reflect resistance or increased sensitivity to leptin, respectively, which may result in energy imbalance. Therefore, relative leptin levels may be hypothesized to predict adiposity changes over time. Three studies found a positive relationship between baseline leptin levels adjusted for the body mass index (BMI), and subsequent body weight or BMI changes in obese girls (Savoye et al., 2002) , adult women (Lissner et al., 1999) and adults of both genders (Chessler et al., 1998) . Using a different approach, van Rossum et al. (2003) compared baseline levels of plasma leptin between weight gainers and weight-stable subjects among 259 non-obese adults followed for 7 years. They found higher baseline leptin levels in weight gainers than in weight-stable subjects. To our knowledge, none of these studies referred specifically to subcutaneous adiposity, and none included both adults and children.
As plasma leptin concentration is strongly associated with body fat content, the relationship between baseline leptin levels and adiposity changes overtime may be confounded by inadequate adjustment for baseline fat content and distribution or by the statistical approach performed.
The aims of this study were to describe by two distinct statistical approaches, in non-obese children and adults, the relationships between plasma leptin concentrations and various adiposity markers, and to investigate whether leptin predicts 2 year-changes in adiposity.
Subjects and methods

Participants
The subjects were participants in the Fleurbaix-Laventie Ville Santé (FLVS) II study, the purpose of which is to investigate genetic, metabolic and environmental determinants of adiposity development in children and adults. In 1992, 579 families of Fleurbaix and Laventie, two small cities in the North of France, participated in a 5-year nutritional education program at school: the 'Fleurbaix Laventie Ville Santé' study (Lafay et al., 1997) . In 1999, 393 families who had previously participated in the FLVS study, who were still living in Fleurbaix or Laventie and who could be contacted, were asked to participate in the FLVS II study. Among these 393 families, 294 (1175 subjects 8 years and over) agreed to participate. The entire assessment protocol of adiposity measurements and biological parameters was completed by 1081 subjects at inclusion in 1999, of whom 946 also completed adiposity measurements at follow-up in 2001.
Overweight and obesity were determined by the BMI, according to the standard definitions (respectively 25 and 30 kg m À2 ) in adults and to the age and gender related cut-off points established by Cole et al. (2000) in children and adolescents. We excluded from the analysis 64 subjects obese at baseline for which adiposity changes over time may be related to determinants distinct from those involved in nonobese subjects. Therefore, 882 subjects were eventually included in the analysis. All participants gave written consent, the protocol was in accordance with the Helsinki declaration and approved by the ethics committee of Lille in July 1998 and the data files have been declared to the 'Commission Nationale Informatique et Liberté'.
Measurements
At baseline and follow-up, clinical examinations were performed at home by trained physicians. Height (to the nearest 5 mm), weight (to the nearest 0.1 kg), and body composition were determined barefoot, in light clothes with a stadiometer and a Tanita TBF 310 body fat analyser (Tanita Corp, France). The bicipital, tricipital, suprailiac and subscapular skinfolds were measured twice (to the nearest 0.1 mm) with a Harpenden caliper and averaged. The waist circumference (WC) was recorded to the nearest 5 mm at the midpoint between the iliac crest level and the lowest rib. The hip circumference (HC) was recorded to the nearest 5 mm at the largest circumference over the buttocks, and the waistto-hip ratio was calculated. In a separate sample of 64 children, the correlation coefficients between bioelectrical impedance analysis (BIA) % fat and anthropometric variables were higher than 0.70 and in the same range in adults and children of both genders (Kettaneh et al., 2005) . In subjects under 18 years, pubertal stage was recorded according to the Tanner classification (Tanner, 1952) .
The dietary questionnaire used in the study was specifically developed for the FLVS subjects. It is a semi-quantitative self-administered food questionnaire, which covers intake during the previous 12 months, and enquires about 124 different foods or food groups. From the reported frequencies of foods and drinks and gender-specific portions, it was possible to estimate an average daily intake of foods, drinks, energy and major nutrients (de Lauzon et al., 2004) . Ambulatory activity was measured by an electronic pedometer (yamax, Digiwalker, Yamax, Japan) worn at the waist from morning to evening during seven consecutive days (Bassett et al., 2000) . To limit the effect of technical errors due to misuse of the device, we excluded measurements, in each gender and generation group, a value out of the range mean 73 s.d.
Leisure time physical activity (LTPA) was assessed with a French version (Vuillemin et al., 2000) of Kriskas's Modifiable Activity Questionnaire (MAQ) validated in adults (Kriska et al., 1990) and teenagers (Aaron et al., 1995) . In 1999, the teenager MAQ was administered by a trained interviewer to evaluate the past-weeks and past-year's leisure time activity. The younger children were assisted by their parents to answer the MAQ. At follow-up, subjects o18 years answered the teenager version and subjects over 18 years old the adult version of the MAQ. Both versions include identical questions and measure the total time per week (h wk À1 ) spent in leisure-time physical activity.
A 20 ml fasting venous blood sample was drawn for a measurement of plasma glucose, insulin (Bi-Insulin IRMA, Kit Sanofi Pasteur, France) and leptin (Human leptin RIA kit DSL-23100, Webster USA GMBH, Germany).
Statistical analysis
The analysis was conducted separately in four groups according to gender, and age (o18 and X18 years). In both generations, we compared baseline characteristics between genders with the Student's t-test.
In each group, a two step-procedure calculated partial correlation coefficients, adjusted for covariates, between baseline leptin and other adiposity and metabolic variables, first at baseline, then at follow-up. In the first step, we constructed linear regression models with leptin or adiposity or metabolic measurements as dependent variables and adjustment factors as independent variables. Adjustment factors included baseline age in all models, baseline pubertal stage in children. All models at follow-up were also adjusted for the corresponding adiposity variable at baseline or a set of four adiposity variables at baseline (sum of four skinfolds (SSK), BIA % fat, WC, HC). All models including circumference measurements were also adjusted for height. Mixed linear models were used and included the nuclear family as a random effect. In the second step, we correlated the residuals of the regression models with leptin, with those of regression models with adiposity or metabolic variables, to obtain partial correlation coefficients between leptin and adiposity or metabolic variables, taking into account the adjustment factors. For leptin, the BMI, SSK, plasma insulin measurements, and the HOMA fasting index of insulin resistance (HOMA IR ) (Matthews et al., 1985) , a logarithmic transformation was performed because of a skewed distribution We also examined the effect, on the relationship between leptin and the SSK or variation, of adding into the model variables related to physical activity (LTPA and ambulatory activity), energy intake and alcohol consumption. We compared correlation coefficients between genders by a Z-test after Fisher's Z 0 transformation of correlation coefficients. To describe subjects with high or low baseline leptin relative to the level of body fat content and to quantify adiposity changes related with baseline leptin concentration, subjects were divided into two groups according to the median of the residuals of a linear regression of baseline logtransformed leptin on a set of five variables (SSK, % BIA % fat, HC, WC, height). This regression model was performed separately in each gender and generation group, adjusted for age, and included a family variable as a random effect. In children only, there was an additional adjustment for pubertal stage. Baseline and changes in anthropometric and metabolic variables were compared between 'high' and 'low' leptin groups by the Student's t-test.
All analyses were performed with the SAS statistical package (version 8.2, SAS, Cary, NC, USA).
Results
Population characteristics (Table 1) Baseline characteristics of adults and children show expected differences between genders for adiposity variables. The mean plasma leptin concentration was higher in females than in males in both children and adults (all P-values o0.0001). Plasma fasting glucose was higher in males than in females (all P-values o0.004). Plasma fasting insulin was higher in girls than in boys (P ¼ 0.04) but did not differ between men and women. The HOMA IR did not differ significantly between genders. Energy intake, alcohol consumption, ambulatory activity and LTPA were higher in males than in females (all P-values o0.001).
Association between plasma leptin and adiposity, metabolic, and lifestyle variables at baseline (Table 2) After adjustment for age and Tanner stage in children, there was a positive correlation in all gender generation groups between fasting plasma leptin and all adiposity markers (r range 0.46-0.80) except for the waist-to-hip ratio (WHR) in females ( Table 2 ). The highest correlation coefficients were between leptin and the SSK, ranging from 0.64 to 0.80, with a relationship stronger in boys than in girls. Plasma fasting insulin and the HOMA IR were correlated to leptin in all groups. However, these relationships were stronger in adult men than in women Ambulatory activity and energy intake were negatively correlated with plasma leptin in men only. Plasma leptin was negatively correlated to LTPA in children only.
The relationship between leptin and the SSK at baseline was not substantially modified after adjusting successively for ambulatory activity, LTPA, energy intake and alcohol consumption (results not shown).
Adiposity at follow-up predicted by baseline leptin after adjusting for baseline corresponding adiposity (Table 3) The strength of the relationship between baseline leptin and all adiposity markers at follow-up did not differ significantly between genders in adults and children. Therefore, in the current analysis, we grouped genders in adults and children. In adults and children, BMI or bioimpedance % fat at followup were not associated with baseline leptin, after adjustment for the corresponding adiposity variable. High baseline plasma leptin predicted an increase in the hip circumference in adults (0.20 (o0.0001)) and children (0.22 (o0.0001)). In adults only, high baseline plasma leptin predicted an increase (r p (P-value)) in the sum of the four skinfolds (0.18 (o0.0001)), the waist circumference (0.16 (0.0003)) and the waist-to-hip ratio (0.29 (o0.0001)).
After concomitant adjustment for baseline BIA fat%, skinfolds waist and hip circumference, height, only SSK at follow-up was positively correlated with baseline leptin in adults (r p ¼ 0.15; P ¼ 0.001), with similar tendency although not significant in children (r p ¼ 0.08; P ¼ 0.13). The relationships between baseline leptin and SSK at follow-up were not substantially modified after an additional adjustment for baseline energy intake, alcohol consumption, ambulatory activity and LTPA (not shown). Metabolic, anthropometric, and lifestyle characteristics of adiposity-related leptin profiles (Table 4) We divided subjects into two groups according to sex and age specific low and high baseline concentration of plasma leptin adjusted for a set of four baseline adiposity variables (BIA % fat, SSK, WC, HC). At baseline, as expected all anthropometric characteristics were similar in the low and high leptin groups. In adults as in children, plasma insulin and the HOMA IR were significantly higher in the high leptin group. Leisure time physical activity (h wk
À1
) was significantly higher in the low leptin group than in the high leptin group, in boys and in girls but not in adults. Ambulatory activity (steps 10 À3 wk À1 ) was significantly higher in the low leptin group than in the high leptin group, in adult men only (61.7723.4 versus 52.4722.5; P ¼ 0.005) At follow-up, men (Po0.01) and boys (Po0.05) in the high leptin group increased significantly more their skinfolds thickness (Figure 1 ) while no difference was observed for the gain in other adiposity variables or weight. Although the corresponding relationships were not significant in women and girls, they did not differ significantly between men and women (P ¼ 0.20), or boys and girls (P ¼ 0.15). Biological measures were not available at follow-up to assess changes in these variables.
Discussion
In this study, high plasma leptin predicted adiposity increase over time in non-obese children and adults. This predictive effect was mainly observed for subcutaneous adiposity, although the same trend was seen with WC and BIA % fat in males. Two studies reported that high plasma leptin predicts in adults an increase in visceral adiposity, independently of subcutaneous abdominal fat accumulation (Tong et al., 2005) , and a worsening of some of the metabolic syndrome features independently of the BMI (Franks et al., 2005) . Although we have identified a positive relationship between WHR or WC changes and baseline leptin concentration, our results did not confirm these findings after taking into account concomitanly several markers of fat amount and distribution. They rather suggest that the relationship between plasma leptin and visceral adiposity changes may be confounded by the amount of peripheral subcutaneous fat.
In agreement with our findings, Folsom et al. (1999) and Hodge et al. (1998) were unable to predict weight changes from baseline leptin level relative to baseline BMI in large adult population-based cohorts. As BMI is a composite measurement, it has been criticized as not being a relevant indicator to assess changes in adiposity associated with leptin (Jenkins and Campbell, 2003) . Indeed, in 85 children followed for at least 3 years, Johnson et al. (2001) demonstrated positive relationships between baseline leptin adjusted for baseline fat mass and changes in fat mass as assessed by dual X-ray absorptiometry. Chessler et al. (1998) showed similar results in 574 adults of both genders, using computed-tomography to assess changes in fat mass over 5 years. It is of note that only three studies, all conducted on small samples (12-36 subjects), found inverse relationships between leptin and adiposity changes (Ravussin et al., 1997; Byrnes et al., 1999; Ahmed et al., 2001) . In addition, one of these studies (Ravussin et al., 1997) was performed in severely obese young subjects (mean BMI over 34 kg m À2 ). After adjusting for baseline % body fat, baseline leptin was significantly lower in weight gainers compared to weightstable subjects in this study. Primary or secondary alteration in the regulation of the OB gene may explain these results in obese subjects.
Jenkins et al. (Jenkins et al., 2001; Jenkins and Campbell, 2003) suggested that different associations among studies may be explained by differences in methods of adjustment for the variability in body composition. They argued that imperfect adjustments for baseline body fat are responsible for spurious positive association between baseline leptin and weight gain. They demonstrated that correct adjustment for body composition was achieved by incorporating height as well as fat mass in the models. In the last part of our analysis, we have simultaneously adjusted for baseline height and several total and regional adiposity markers and showed that high relative leptin was still predictive of subcutaneous fat gain. Therefore, we do not believe that imperfect adjustment for initial body composition may have biased substantially our results which provide evidence that, in non-obese subjects, an excess of plasma leptin may predict adiposity gain over time, particularly in the subcutaneous location.
Animal models as well as rare cases of human obesity related with mutations in the OB gene, suggest that one of the characteristics of leptin may be to protect against excessive adiposity gain. The fact that leptin concentrations are raised in a majority of obese subjects has been interpreted as reflecting resistance to leptin . However, it has also been argued that this relationship was not clear evidence of resistance to leptin but rather an adaptative attempt to oppose other forces promoting obesity (Arch et al., 1998) . Excess leptin may provide indirect information about behavioral aspects related to adiposity gain, such as a lack of physical activity, overfeeding (Kolaczynski et al., 1996) or alcohol consumption (Mantzoros et al., 1998) . Our results show a negative association between plasma leptin and physical activity. However, the correlation between leptin and adiposity change was not substantially modified after adjustment for ambulatory activity, LTPA, alcohol consumption or energy intake. However the measure of physical activity, and assessment of energy intake by a questionnaire, indeed provide only an approximate and partial estimation of the energy balance.
Another hypothesis is that resistance to leptin may be present in some non-obese subjects in whom it would predict subsequent adiposity gain. According to Banks et al. (Banks, 2004) three mechanisms may incur central resistance to leptin: blood-brain barrier transport failure, leptin receptor/post-receptor failure and failure of down-stream neuronal circuitry. Our location specific results are not in favor of central leptin resistance as a potential explanation for our finding. Finally, one can also hypothesize a paracrine effect of leptin promoting the development of subcutaneous adipose tissue. Indeed, the stroma of this tissue includes vascular cells and resident macrophages, important targets for leptin which promotes recruitment of circulating monocytes and upregulates adhesion molecules in the endothelial cells (Curat et al., 2004) . Angiogenesis is involved in the development of adipose tissue (Hausman and Richardson, 2004) and leptin has a proangiogenic activity (Artwohl et al., 2002) and a vasodilating effect (Nakagawa et al., 2002) in humans, and promotes vascular remodeling in mice (Schafer et al., 2004) . However, why such a paracrine effect would be seen predominantly in males remains unclear.
In conclusion, we have shown that a high leptin relative to baseline fat mass predicts fat mass gain over time, mainly in the subcutaneous location. The clinical implications of these results cannot be inferred from our study. However, further studies investigating the role of leptin in fat mass development and its metabolic consequences, should take into account subcutaneous fat mass as accurately as possible.
